One of the most lethal carcinomas is pancreatic cancer. As standard treatment using chemotherapy and radiation has shown limited success, thermal regimens (cryotherapy or heat ablation) are emerging as viable alternatives. Although promising, our understanding of pancreatic cancer response to thermal ablation remains limited. In this study, we investigated the thermal responses of 2 pancreatic cancer cell lines in an effort to identify the minimum lethal temperature needed for complete cell death to provide guidance for in vivo applications. PANC-1 and BxPC-3 were frozen (À10 C to À25 C) or heated (45 C-50 C) in single and repeated exposure regimes. Posttreatment survival and recovery were analyzed using alamarBlue assay over a 7-day interval. Modes of cell death were assessed using fluorescence microscopy (calcein acetoxymethyl ester/propidium iodide) and flow cytometry (YO-PRO-1/propidium iodide). Freezing to À10
Introduction
Pancreatic cancer (PaCa) is currently the fourth leading cause of cancer-related deaths in the United States and the eighth worldwide. It is projected that over 48 000 individuals will be diagnosed and over 40 000 will succumb to PaCa in 2015. 1 The high lethality rates of PaCa are due to a lack of effective treatment options. 2 The most common treatment of PaCa is a combination of chemotherapy (eg, gemcitabine, 5-fluorouracil, etc) and radiation. [3] [4] [5] [6] This combinatorial regimen is insufficient to provide a cure to PaCa and often is merely palliative for patients. 2, [7] [8] [9] The reasons why many cancer cells, including PaCa, are resilient to conventional therapies can be attributed to ''hallmarks of cancer'' as well as the presence of cancer stem cells. 10 Specifically, these hallmarks are resisting cell death, sustaining proliferative signaling, evading growth suppressors, activation of metastasis and invading cells, inducing angiogenesis, and enabling immortalized replication and proliferation. 10 One of these maxims, resisting cell death, directly relates to the normal cell death functions of apoptosis and necrosis. Apoptosis, programmed cell death, is often suppressed in most cancer types. [10] [11] [12] [13] [14] Necrosis, an inflammation-based cell death, results in the circulation of intracellular contents around the site of cell death. 10, 11, 13, 15 It is hypothesized that in some cases, the activation of necrosis leads to further inflammation and possibly the spread of cancer-promoting chemokines. 10, 11, 13 With an improved understanding of cell death mechanisms in solid cancers, researchers have become better able to treat these diseases by accounting for the aforementioned hallmarks. As modern research has improved, the survival rates of individuals treated for many cancers have improved as well. Pancreatic cancer stands as a notable exception with 5-year survival rates remaining in the single digits and an average lifespan of 6 months postdiagnosis. 1 As conventional options have not provided an effective treatment of PaCa, there is a need for the development of new treatments to extend patient lives and work toward a cure.
Thermal therapies, such as cryotherapy and hyperthermia, represent an area of continued growth as a cancer treatment over the last decade. 5 In many cases, cancer cells are found to be more susceptible to thermal exposure than drug-related therapies. This is due to a cell being physically stressed to induce cell death, bypassing many other genetic-based cancer defense mechanisms. Freezing tissues causes cell rupture, hypoxia, ischemia, reperfusion, and extreme hypothermia. [16] [17] [18] [19] [20] [21] Heating cells results in protein denaturation, hyperthermia, cell membrane failure, scarring, and destruction of tissue. 22, 23 As the technologies used to apply a thermal injury have improved so has the effectiveness of the respective therapies. Thermal techniques possess a unique ability in that, unlike surgical resection, they are less invasive and require shorter recovery times. 8, 20, 23 This is a critical factor as the location of the pancreas is a major challenge in the treatment of PaCa. 24 Cryotherapy is a minimally invasive technique that uses a cryogen, such as liquid nitrogen (LN 2 ) or argon gas, to freeze diseased tissue to ultracold temperatures. [16] [17] [18] [19] [20] [21] Cryoablation subjects tissues to multiple cellular stresses beyond freezing, including hypoxia, osmotic imbalance, ischemia, and other forms of molecular stress. 16, 21, [25] [26] [27] One of the main uses of cryotherapy is the treatment of prostate cancer. In 2008, the American Urological Association (AUA) published a best practice statement on cryotherapy for the treatment of prostate cancer. 28 The AUA and others also recognize cryotherapy as an effective method for the treatment of renal cancer. 3, 28, 29 Although cryotherapy of the pancreas has been limited within the United States and reserved primarily for pancreatitis, cryotherapy offers great potential for the treatment of PaCa. [30] [31] [32] [33] Heat ablation, such as radiofrequency (RFA) and highfrequency ultrasound, is also a minimally invasive technique that induces a state of hyperthermia (>37 C) in cells and tissues. Radiofrequency has been utilized for the treatments of liver, kidney, and other solid tumors but has not been used to a great extent in the treatment of PaCa. 22, 34 Although this technique is relatively untested in PaCa, given the reported success in other cancers, the use of heat ablation may also provide for an effective course of treatment for PaCa.
Given the ability of cancer to evade many molecular-based therapeutic strategies coupled with the multifaceted insult (physical and molecular) provided by thermal therapies, we investigated the response of PaCa cells to both cryoablation and hyperthermia. We hypothesized that understanding the characteristics of PaCa cell response to thermal ablation would result in the identification of an improved therapeutic guidance protocol for the treatment of PaCa. Given that the response of PaCa cells to thermal ablation has not been characterized, we investigated PaCa cell response to freezing and heating in an effort to determine the minimum thermal exposures necessary to cause complete cell destruction. The results herein suggest that thermal therapies may be a viable treatment option for the treatment of PaCa.
Materials and Methods

Cell Culture
PANC-1 (CRL-1469) and BxPC-3 (CRL-1687) cell lines were obtained from the American Type Culture Collection (Rockville, Maryland). Dubecco modified Eagle medium was used to culture PANC-1 cells, whereas RPMI-1640 medium was used for BxPC-3 (Caisson Laboratories Inc, Logan, Utah). Cell culture media were supplemented using 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, Georgia) and 1% penicillin/streptomycin (Corning Inc, Corning, New York). Cells were seeded onto Costar 96-stripwell plates (Corning Inc) at a cell density of approximately 3.75 Â 10 4 cells/cm 2 with appropriate medium 24 hours prior to experimentation.
Thermal Exposures
Culture medium was exchanged with 75 mL/well fresh media 30 minutes prior to experimentation. Eight-well strips were placed into aluminum blocks in a temperature controlled bath set to achieve and maintain target temperatures. For freezing experiments, samples were exposed to À10 C, À15 C, À20 C, and À25 C for 5 minutes. When sample temperature approached À2 C, ice nucleation was initiated with LN 2 vapor to prevent supercooling of samples. Following freezing, samples were placed at room temperature (RT) for 10 minutes to passively thaw before being returned to standard culture conditions. For heating experiments, samples were exposed to 45 C, 48 C, and 50 C for 5 minutes. After the heat exposure, samples were removed and placed at RT for 1 minute before returning to culture conditions. Thermal profiles of samples under each condition were recorded using a T-type thermocouple (Omega Engineering, Stamford, Connecticut).
Double Thermal Exposure
Temperatures of À10 C, À15 C, or À20 C were utilized for double freezing exposure. As in the single-exposure experiments, Costar strips were placed into precooled aluminum blocks, and samples were seeded at À2 C to prevent supercooling. Following the initial 5-minute freeze, samples were removed from the bath, passively thawed at RT for 5 minutes, and then were subjected to a second 5-minute exposure to the same temperature. After the second freeze, samples were passively thawed at RT for 10 minutes and then returned to 37 C culture for recovery. For double heating, temperature exposures of 45 C, 48 C, and 50 C were utilized. Samples were placed into preheated aluminum blocks for 5 minutes, placed at RT for 1 minute, and then exposed to the same temperature for an additional 5 minutes. After the second heat exposure was completed, samples were given 1 minute at RT to recover before returning to culture conditions. Thermal profiles of each sample condition were recorded using a T-type thermocouple (Omega Engineering).
Cell Viability Assay
Viability of PANC-1 and BxPC-3 cells was assessed using the alamarBlue metabolic activity assay. AlamarBlue solution (Invitrogen, Carlsbad, California) constituted in a 1:20 dilution in Hanks balanced salt solution with Ca and Mg (Mediatech, Inc, Herndon, Virginia). Culture medium was removed, and cells were subjected to 100 mL/well alamarBlue solution at 37 C for 60 minutes. Immediately following incubation, samples were analyzed using a Tecan SPECTRAFluor Plus (Tecan, Austria) at excitation/emission of 530 nm and 590 nm. Sample raw fluorescence units (RFUs) were converted to percentage viability based on the pretreatment control RFUs. Viability assessment was conducted for 7 days on days 1, 3, 5, and 7 following thermal exposure.
Apoptosis/Necrosis Assay
Relative levels of apoptosis and necrosis were determined using microfluidic flow cytometry. At 1, 4, 8, and 24 hours following thermal exposures, samples were incubated with propidium iodide (3.75 mmol/L; Molecular Probes, Eugene, Oregon) and YO-PRO-1 (0.35 mmol/L; Invitrogen) for 15 minutes at 37 C. Cells were then lifted from the Costar plates and analyzed using a Guava EasyCyte Plus flow cytometer (Millipore, Billerica, Massachusetts) using a 488 nm excitation laser. Gates were set using an unstained, nonfluorescence control and a positively treated control exposed to Camptothecin (0.2 mmol/L) to induce apoptosis. Flow cytometer collected 5000 events per condition, in triplicate, and the populations of live, apoptotic, necrotic, and secondary necrotic cells were quantified as a percentage of the analyzed populations.
Fluorescence Microscopy
PANC-1 and BxPC-3 cells were probed with propidium iodide (3.75 mmol/L) and calcein acetoxymethyl ester (2.5 mmol/L; EMD Chemicals; Millipore) for 30 minutes at 37 C at 1, 4, 8, and 24 hours after thermal exposures. Following incubation, cells were visualized using a Zeiss Axiovert 200 fluorescence microscope (Carl Zeiss, Oberkochen, Germany) at 20Â magnification. Fluorescence micrographs were complemented with phase microscopy to permit visualization of changes in cell morphology. Fluorescence images were correlated with flow cytometry data to verify the levels of cell death.
Statistical Analysis
Statistical significance was determined using single factor analysis of variance and t test. Standard error was used to represent experimental variability. All experiments were repeated a minimum of 3 times (N ¼ 3) with an interexperimental replicate of n ¼ 7. Statistical significance is denoted by P < .05 unless stated otherwise.
Results
Assessment of PaCa to Freezing Injury
To determine the impact of freezing on PaCa viability, PANC-1 and BxPC-3 cultures were exposed to À10 C, À15 C, À20 C, and À25
C, and then sample viability and repopulation were assessed. Exposure to À10
C resulted in minimal cell death in both PANC-1 and BxPC-3 samples ( Figure 1 ). When samples were exposed to À15 C, a decrease in postfreeze viability was observed in both cell lines. PANC-1 exposure to À15 C yielded a slight decrease in overall viability compared to prefreeze controls, 93% (+5) versus 100% (+1), respectively. Interestingly, when BxPC-3 cells were exposed to À15 C, a marked reduction in viability was observed, 33% (+1), compared to time-matched controls, 100% (+1). As the exposure temperature was decreased to À20 C, cell death was found to increase in both the PANC-1 and the BxPC-3 samples compared to their nonfrozen controls, 23% (+2) and 2% (+0.1) survival, respectively. Following exposure to À25 C, both cell lines yielded minimal survival (<2%), which was consistent with complete ablation. Assessment of cell recovery following freezing revealed that both PANC-1 and BxPC-3 cells were able to repopulate in culture following exposure to À10 C and À15 C, whereas exposure to À20 C and À25 C resulted in stunted to no recovery in both cell systems over the 7-day postfreeze assessment period.
Assessment of Heating Injury on PaCa Cells
To determine the effect of heating on PaCa cell viability, samples were exposed to mild hyperthermic temperatures of 45 C, 48 C, and 50 C ( Figure 2 ). Following exposure to 45 C, no significant impact on cell death was observed in both the PANC-1 and the BxPC-3 samples compared to nontreated controls. Exposure to 45 C also yielded no long-term impact on sample repopulation over the 7-day assessment interval. Following exposure to 48 C, PANC-1 samples yielded a 15% decrease in viability compared to pretreatment controls, 85% (+1) versus 100% (+2), respectively. BxPC-3 cells after 48 C exposure revealed minimal impact on survival, 98% (+1), compared to pretreatment control samples, 100% (+1).
Despite the initial day 1 decrease in viability, both PANC-1 and BxPC-3 samples were able to repopulate to near control levels within the 7-day assessment period. In contrast to 48 C, exposure to 50 C resulted in a significant decline in sample viability on day 1 following exposure for both cell lines. PANC-1 day 1 survival was 70% (+2) and continued to decline to 0% by day 7. BxPC-3 samples were found to have a day 1 viability of 8% (+1), which declined to 0% by day 5. In both cell lines, it was observed that cells subjected to 50 C became rounded in appearance, with a small population of those cells losing adherence to the culture plate ( Figure 3 ). These cells did not regain their normal morphology at any point after heat exposure to 50 C.
Comparison of Thermal Sensitivity of PaCa Cells
In addition to determining PaCa cell response to both freezing and heating injury, investigation of 2 distinct molecular variants of PaCa was conducted to compare their individual response to thermal ablation. To this end, the BxPC-3 cells were found to be more sensitive to thermal injury than PANC-1 cells. Exposure of BxPC-3 samples to À15 C resulted in a marked decrease in viability on day 1, whereas in PANC-1 samples, minimal cell death was observed, 33% (+1) versus 93% (+5) survival, respectively (Figure 1 ). Exposure to À20 C yielded complete cell destruction in BxPC-3 samples, whereas a significant population of PANC-1 cells survived À20 C, 2% (+0.1) versus 23% (+2) survival, respectively. A similar but less marked trend was observed in response to heating exposure. In the case of heat, exposure to 50 C resulted in a differential initial day 1 viability between the PANC-1 and the BxPC-3 samples, 70% (+2) versus 8% (+1), respectively. Despite the initial response, by day 7, both BxPC-3 and PANC-1 cells were completely dead (Figure 2 ). Fluorescence microscopy indicated that the different cells subjected to the same exposures experienced varying levels of cell death at different points within the initial 24 hours postexposure ( Figure  3) . These results indicate that, as with other cancers, [25] [26] 35 PaCa molecular variants exhibit differential responses to mild thermal treatment. However, these data suggest that when a critical temperature threshold is surpassed (<À25 C or >50 C), complete cell death results regardless of the molecular disposition.
Investigation of the Modes of Cell Death Following Thermal Exposure
With the identification of a differential response of PaCa cells to thermal exposure, we investigated the relative contributions of apoptosis and necrosis to overall cell death. To this end, samples were analyzed at 1, 4, 8, and 24 hours posttreatment using microfluidic flow cytometry to detect the relative levels of apoptosis, necrosis, and live cells within the assessed populations. Temporal analysis posttreatment revealed necrosis to be the predominant mode of cell death following freezing and heating in both PANC-1 and BxPC-3 samples (Figure 4) . Furthermore, the amount of necrotic cell death was found to increase in all samples over the 24-hour assessment period. Interestingly, in the BxPC-3 samples exposed to À15 C, a significant level of apoptotic cell death was observed at 4 and 8 hours postfreeze (8% and 15%, respectively; Figure 4B ). While to a lesser extent, the 4-and 8-hour increases in apoptosis in BxPC-3 samples were also observed following exposure to À10 C and À20 C ( Figure 4B ). This was in contrast to PANC-1 samples where a minimal level of apoptosis was observed at any time point postfreeze ( Figure 4A ). As with freezing, an increased amount of apoptosis was found in BxPC-3 samples following heating compared to PANC-1 samples ( Figure 4D and C, respectively). While increased, the overall levels were much lower in heat-treated BxPC-3 samples than freeze exposure samples. From this analysis it was found that in addition to physical rupture, both molecular based apoptotic and necrotic processes played a significant role in PaCa cell death following a mild thermal insult.
Impact of Repeated Thermal Exposure
Previous reports have indicated that repeated exposure of cancer cells to a thermal insult results in increased cell death. [18] [19] [25] [26] [27] To this end, we investigated the impact of a double freeze (F/T/F) or a double heat (H/T/H) protocol on PaCa survival. In PANC-1 samples, a double freeze exposure to À15 C resulted in an initial decrease in day 1 viability compared to a single freeze, 65% (+4) versus 97% (+3), respectively. However, cells were able to repopulate to near controls within the 7-day assessment period (Figure 5A ).
Repeat exposure to À20
C resulted in an increase in overall cell death on day 1, 7% (+0.3) versus 22% (+2), respectively. Further, double À20 C exposure resulted in the inability of PANC-1 cells to repopulate over the 7-day interval, which was in contrast to the single-exposure samples. Similar observations were made for BxPC-3 repeat freeze samples at À10 C and À15 C ( Figure 5B ). Repeat exposure of BxPC-3 cells to À10 C resulted in a significant decrease in day 1 postthaw survival compared to single freeze exposure, 25% (+3) versus 71% (+3), respectively. As with PANC-1 samples exposed to À15
C, BxPC-3 samples were able to recover over the 7-day analysis following a repeat exposure to À10 C. Repeat exposure to À15 C in the BxPC-3 samples, however, resulted in complete cell death at 1 day postfreeze with no observed cell recovery ( Figure 5B ). This was in contrast to a single exposure to À15
C, which resulted in 47% (+2) day 1 survival compared to 5% (+0.3) in double freeze samples.
A similar trend in increased cell death following repeat exposure to heating was observed in both PaCa cell lines. Repeat exposure to 50 C resulted in a decline in day 1 survival compared to a single exposure in both PANC-1, 61% (+3) versus 33% (+2), and BxPC-3, 19% (+2) versus 15% (+0.5), samples. As with the single exposures by day 7, complete cell death was achieved ( Figure 5 ). Both single and double exposure to 45 C yielded no detectable cell death posttreatment. Repeat exposure to 48 C resulted in a differential response in both cell lines. At day 1 posttreatment, repeat exposure to 48 C resulted in an increase in cell death compared to single exposures in PANC-1, 69% (+3) versus 77% (+3), and BxPC-3, 29% (+2) versus 90% (+1). In addition to the initial increases in cell death, following repeat exposure to 48 C, a decline in cell viability was noted during the 7-day recovery period in contrast to single 48 C exposure experiments where cell population recovery was observed.
Overall, the data for the repeat thermal exposure experiments suggest that double exposure of PaCa to partially effective temperatures (PANC-1: À20 C and 48 C; BxPC-3: À15 C and 48 C) results in complete cell death, thereby extending the lethal isotherm into milder thermal ranges.
Discussion
Thermal ablation is now providing an effective path for the treatment of numerous cancers. 5, 8, 19, 29, 33, 34, 36, 37 While effective, thermal therapy has not yet been utilized to a great extent in the treatment of PaCas. Given the potential of thermal therapy as a treatment modality for PaCa, we investigated the response of PaCa cells to mild thermal treatment in an in vitro model. The intent of this study was to evaluate the impact of mild freezing and heating on PaCa using 2 model cell lines in an effort to characterize their thermal response and identify the minimum lethal isotherm necessary to achieve complete PaCa cell destruction in vitro. Mild ablation temperatures were selected as they are representative of temperatures attained in the periphery of an ablation zone distal to a thermal ablation probe in vivo. It is within this peripheral zone (>À40 C or <60 C) that partial cell death has been observed in other cancers and may result in cancer reoccurrence in vivo. While À40 C or 60 C isotherms serve as a reference point, the critical lethal temperature for PaCa has yet to be reported. In addition, given reports of varying sensitivity of different molecular variants of similar cancers by Klossner et al 35 and others, we also investigated 2 distinct molecular phenotypes of PaCa, PANC-1 and BxPC-3 cells.
In examining PaCa response to freeze injury, it was found that the BxPC-3 cells were more sensitive than PANC-1 cells. Despite this, it was found that a single freeze exposure of either cell type to À25 C resulted in complete cell death. The increased sensitivity of BxPC-3 cells to freezing resulting in complete cell destruction at À20 C is hypothesized to be due to phenotypic and genotypic differences between cell lines, as reported by Deer et al. 38 This, however, needs to be investigated further. In support of this differential response, it was found that BxPC-3 samples exhibited a larger increase in the level of apoptosis postfreeze than PANC-1 samples within the assessed interval (Figure 4) . The lack of apoptosis observed in PANC-1 may be the result of rapid apoptotic induction occurring within minutes postfreeze, as reported by Robilotto et al, 37 resulting in this population being perceived as necrotic in the current study. Nonetheless, the increase in apoptotic response in BxPC-3 samples supports a molecular component to the differential sensitivity to mild freezing exposure.
Studies focused on heating revealed near-complete cell death attained in both PANC-1 and BxPC-3 cells following exposure to 50 C. Complete cell death was not seen immediately posttreatment but took several days to fully manifest in vitro. Although the data suggest that complete cell death was attained, the delayed period necessary may provide for a chance for recurrence in vivo where more complex biological factors come into play. While unlikely, it is nonetheless a limitation of this study which cannot be addressed.
The mechanisms responsible for triggering cell death in response to freezing consist of several factors, including nadir exposure temperature, rate of freezing and thawing, microcirculatory reperfusion injury after thawing, waste accumulation, osmotic imbalances, and energy depletion, among others. 25 As cells freeze and thaw, ice crystals may cause physical rupturing of the cell membrane, resulting in cellular necrosis of the cells. This necrosis is observed most often in cells nearest the cryoprobe, wherein cells experience the coldest exposure temperatures during freezing. [16] [17] [18] [19] [20] [21] Furthermore, both intrinsic and extrinsic pathways of apoptotic induction have been shown to be triggered by freezing injury, with the specific pathway influenced by the final freezing temperature within the different areas of the cryogenic lesion. [16] [17] [18] [19] [20] [21] 25 Regarding cell death mechanisms associated with hyperthermal ablation, several reports suggest that protein denaturation results in compromised cell function and onset of coagulative necrosis. 22, 23 To this end, tissues treated with hyperthermia are observed to result in scarring and complete loss of tissue architecture. 25 Given the significant amount of damage that occurs as a result of hyperthermal ablation, including RFA, the observed result of necrosis as the primary mode of cell death with minimal contribution of apoptosis reported in this study appears in line with other reports. 22, 23 A more detailed analysis of cell death signals remains necessary to determine the exact molecular mechanisms by which heating and freezing induce cellular PaCa destruction.
When comparing the differential response and overall sensitivity of the PaCa cells to that of other cancers, it was found that PaCa cells are highly susceptible to thermal ablation. For example, the À25 C critical isotherm found for PaCa in vitro is much higher than the À40 C critical isotherm reported for prostate cancer. 16, [26] [27] [28] The PaCa response was similar to the À20 C isotherm reported for renal carcinoma. 36 For both prostate and renal cancer, decreasing levels of survival have been reported following exposure to À15
C, À20 C, À30 C, and lower; however, it is not until the minimum lethal temperature is attained that complete cell death is achieved. [18] [19] [20] [21] For instance, Clark et al reported that exposure of renal cancer cells to À10
C or À15 C resulted in 77% and 32% viability, respectively, whereas freezing to temperatures below À20 C resulted in complete cell death. 36 Robilotto et al and others reported induction of cell death after prostate cancer exposure to À15 C, resulting in 58% viability at 24 hours post-freeze. 37 Despite the approximately 50% cell death expressed following exposure to À15 C, these reports have shown that complete destruction of prostate cancer cells is not achieved until temperatures reach À40 C or below in vitro. [26] [27] [28] 35, 37 In regard to PaCa cells, in this study, we observed a moderate impact on the viability at À15 C or warmer, whereas temperatures below À20 C resulted in a more severe decrease in cell viability. Gage et al suggest that while temperatures within the range of À20
C are sufficient to cause significant cellular damage, temperatures below À40 C should be sought to ensure complete tissue destruction during freezing. 21 Our findings corroborate this assertion as well as provide a more defined minimum lethal temperature to PaCa specifically.
With the establishment of À25 C and 50 C as the critical lethal isotherms for PANC-1 and BxPC-3 cells, our investigations were expanded to examine the impact of a repeat exposure paradigm. A repeated exposure of heating or freezing is common practice clinically for the treatment of numerous cancers. 5, 19, 20 Overall, the trend observed with both the PANC-1 and the BxPC-3 cells following repeat exposure revealed an increase in cell death at milder temperatures which was consistent with literature reports for other cancers. Double freeze exposure of PANC-1 cells resulted in complete cell death at À20
C versus À25 C needed for a single exposure. For BxPC-3 cells, double freeze to À15 C yielded complete cell destruction versus À20 C for a single freeze. When cell survival following a double heat exposure was examined, it was found that the lethal temperature of 50 C was reduced to 48 C in both the PANC-1 and the BxPC-3 cell lines. Interestingly, repeat exposure to 48 C resulted in a shift in response from initial death followed by recovery after a single exposure to increased cell death followed by a decline in cell number throughout the 7-day assessment interval (Figure 5 ).
The fundamental differences in heating versus freezing cells or tissues offer a mechanistic view into how each function in their own ways. Hyperthermal ablation was found to be effective in the current study when temperatures of 50 C or greater were obtained. While not immediately lethal, complete ablation was observed within 7 days posttreatment in both the PANC-1 and the BxPC-3 cells. Cryoablation was also found to be highly effective, as complete destruction of BxPC-3 and PANC-1 cells was attained at À20 and À25 C, respectively. Although both ablation strategies were effective following attainment of the critical lethal temperature, when correlating the reported side effects and collateral damage associated with both hyperthermal and cryoablation with our findings, one may conclude that cryotherapy may provide for a more attractive therapeutic option. 25, 27, 39 One reason for this conclusion is the extended delayed temporal component (7 days) necessary to achieve complete cell death following hyperthermal ablation. This may provide for an opportunity for cancer recovery in vivo, whereas in cryoablation, once the minimal lethal temperature was attained, no survival or recovery was observed. While appearing beneficial, this remains to be studied clinically. Furthermore, recent studies by our group suggest that the combined application of heat and freezing in tandem may provide for improved ablation beyond that obtained with either as a monotherapy. 40 In conclusion, the data in this study suggest that thermal ablation may be an effective means of treating PaCa. Freezing PaCa cells in vitro to temperatures below À25 C results in complete lethality as did heating to 50 C or greater. Double exposure was found to significantly reduce the temperature required for complete ablation. In addition to illustrating that thermal therapy is a viable option for PaCa treatment, our findings also support adjunctive approaches, such as those described by Neoptolemos et al 41 or Santucci et al, 42 combining thermal exposure with other agents to offer the potential for enhanced ablation due to the involvement of a molecular-based component of PaCa cell response to thermal injury. Given the benefit of double heat or freeze over single exposures, studies into the combination of both heating and freezing as a dual thermal ablation technique may also be warranted. 40 Regardless of the application strategy (single versus repeat exposure), monotherapy or in combination, the results suggest that heat ablation and cryoablation may be an effective means for treating PaCa.
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